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■ INTRODUCTION
Molecular electronics involves the development of electronic devices containing molecules oriented between electrodes by either covalent bonding or physisorption. A major goal of the field of molecular electronics is to integrate molecules as components in microelectronic circuits and control electronic transport by manipulating the device architecture. There are two main device constructs containing a single molecule and an ensemble of molecules, either covalently bonded or adsorbed to the electrode. The relationship between molecular structure and electron transport is essential to device design and practical applications. It is important to understand how molecular energy levels affect charge transport through single molecules or arrays of oriented molecules. Of particular interest to our study are devices containing nanoscale molecular layers with thickness in the range of 1−20 nm. Numerous experimental observations of charge transport through molecular junctions have been reported and several theoretical treatments have been proposed to explain the experimental results. The latter are often categorized as the "Simmons" approach based on tunnelling through a thin film 1−7 and the "Landauer" approach that considers the probability of electron tunnelling through a single molecule. 8−14 There has been significant progress in correlating theory with experimental results for transport in molecular junctions, 10,15−23 although the problem is complicated by concerns about structural disorder, limitations of various modeling approaches, electronic interactions between the molecules and the contacts, and experimental uncertainty. 24−27 Our laboratory has developed "ensemble" molecular junctions made by bonding aromatic molecules covalently to sp 2 hybridized carbon substrates, followed by vapor deposition of metal or carbon top contacts. 28−32 The carbon substrate material is pyrolyzed photoresist film (PPF), a metallic conductor (ρ = 0.006 Ω-cm) with near-atomic flatness (<0.4 nm rms by AFM), which forms covalent bonds with aromatic radicals produced by reduction of diazonium reagents. 33, 34 Although the bonded molecules do not "assemble" into the ordered arrangement of more common Au/thiol self-assembled monolayers, they tolerate vapor deposition of Cu or carbon top contacts to produce junctions containing 2−22 nm thick molecular layers with high yield (>80% nonshorted devices). Finished devices remain unaltered over a wide temperature range (5 to 625 K), 2, 35 or current/voltage cycling for >10 9 cycles 2 to ± 0.6 A/cm 2 . These devices are fabricated in parallel using conventional photolithographic processing 36 and are tolerant to etching reagents, photoresist, and developers after completion. 35 For PPF/molecule/Cu junctions in the thickness range of 2.2−5.2 nm, the transport mechanism is consistent with tunneling and the small observed temperature dependence is due to broadening of the contact Fermi function. 2 A detailed investigation of >400 junctions containing a series of eight aromatic molecules and an alkane was undertaken to explore the effect of molecular orbital energy levels on tunneling current. The study was also intended to test the common assumption that the barrier for electron tunneling is E LUMO − E f , where E f is the contact Fermi level and E LUMO is the energy of the lowest unoccupied molecular orbital, whereas the hole tunneling barrier is E f − E HOMO , where E HOMO is the energy of the highest occupied molecular orbital. As noted in past reports, 2, 30 transport in PPF/molecule/Cu junctions studied to date is consistent with hole tunneling, and the free molecule HOMO levels are closer than the LUMOs to the contact Fermi level of −4.8 eV (relative to vacuum). In the series of eight aromatic molecules studied, the E HOMO of the free molecules varied by more than 2 eV; however, in the PPF/ molecule/Cu junctions, the tunneling currents were very similar with an average attenuation constant (β) of 2.7 ± 0.6 nm −1 . 30 Fabrication of additional junctions using "click" chemistry produced similar results, 37 as summarized in Figure  1A . The attenuation coefficients and current densities of the junctions containing aromatic molecules were similar to each other but differed statistically from those containing an alkane molecule (β = 8.6 nm −1 ). Analysis of current density/voltage (JV) curves using the Simmons model with image charge and effective mass corrections yielded barrier heights of 1.25 ± 0.2 eV for the aromatic molecules and 1.8 eV for the alkane. 30 Ultraviolet photoelectron spectroscopy (UPS) of PPF/ molecule surfaces yielded E f − E HOMO of 1.32 ± 0.2 eV for the aromatic molecules and 1.8 eV for the alkane. 2, 30, 38 In addition, energy levels of the intact PPF/molecule/Cu junctions were determined independently using photocurrent measurements, yielding E f − E HOMO values of 1.0 ± 0.1 eV for a bromophenyl junction and 1.7 ± 0.1 eV for an alkane (NHC 12 H 25 ). 39 These results are summarized in Figure 1B , plotted as E f − E HOMO calculated for the free molecules and determined from experimental transport, UPS, and photocurrent measurements. The E f − E HOMO predicted from the free molecule and PPF energy levels yield tunneling barriers in the range 0.7 to 2.0 eV for the aromatic molecules, which would correspond to a >10 6 A/cm 2 range of current densities based on the Simmons analysis. However, the UPS, transport, and photocurrent measurements consistently indicate a substantially smaller variation in E f − E HOMO , which we termed "compression" of the predicted tunneling barriers to a nearconstant value of ∼1.3 eV for the aromatic molecules. 30 This compression was attributed to a violation of the Mott− Schottky rule due to strong electronic coupling between the aromatic π system of the PPF and the aromatic molecules, with partial charge transfer between the molecular layer and the contacts. Similar effects on energy barriers have been described in detail for semiconductor/molecule and metal/molecule interfaces, and are often discussed in the context of "vacuum level alignment". 4,40−44 The results for PPF/molecule/Cu junctions strongly indicate that the contacts and molecules must be considered as one electronic system which only partially reflects the properties of the isolated components. 30 The electronic interactions between contacts and molecules manifested in Figure 1 complicate attempts to model molecular junctions computationally, because the real system is much larger than a single molecule. The current report addresses two general questions ultimately directed toward rational design of carbon-based molecular junctions.
First, can available density functional and related theoretical tools be used to model molecules bonded to PPF with sufficient accuracy to have predictive value? Although the interface between an aromatic molecule and PPF is not structurally completely defined, it is unique in possessing a covalent, conjugated bond between the contact surface and the molecular layer. A theoretical procedure validated by experimental observations should provide useful insights into the consequences of this unique arrangement. Second, can theory account for the compression of the tunneling barriers apparent in Figure 1B , and provide insight into the effects of vacuum level alignment? If so, theory may provide guidance on how to avoid or increase the compression effect, information that should be relevant to any attempts to rationally design molecular junctions. We employ models of PPF based on a graphene sheet, with and without molecules covalently bonded to the graphene edge. This approach permits assessment of the size of graphene sheet and the level of theory required to accurately predict experimental observables such as work function and E f − E HOMO . Following validation with UPS, transport, and photocurrent measurements already reported, the theory will then provide useful insights into the orbitals that mediate tunneling and the factors that govern the electronic response of PPF/molecule/Cu molecular junctions.
■ COMPUTATIONAL TECHNIQUE
Chemisorbed molecules considered are azobenzene (AB), nitroazobenzene (NAB), nitrophenyl (NP), bromobenzene (PhBr), ethynylbenzene (EB), 5-phenyl-2,2′-bithiophene (BTB), anthraquinone (AQ), and amino-octane (C8), all bonded to the edge of an sp 2 carbon fragment. Although many of the experimental devices are multilayers of 2−5 molecular units, only the monomers are considered here. Calculations are based on three models (see Supporting Information, Figure  S1 ), each containing two parts: a graphene nanoribbon of different dimensions representing the electrode and a single molecule covalently bonded to the electrode surface representing the molecular layer. The models are defined as follows.
Model 1. The electrode is a planar 54-ring graphene fragment (G54) and the molecules are bonded to its long zigzag edge. In order to maintain consistency across the three models, the geometry optimization in Model 1 is performed using the BLYP density functional with a 6-31G(d) basis set as implemented in Gaussian 09 computational chemistry software suite.
45 Also, single point calculations for the structure with preset dihedral angle between planes representing molecular and electrode parts are performed using the same BLYP/6-31G(d) method, by setting the dihedral angle to a desired value following previous geometry optimization.
Model 2. The electrode is a periodically extended graphene nanoribbon with molecules bonded to the zigzag edge. The system is modeled using periodic boundary conditions (PBC) as a triclinic periodic cell with a, b and c cell lengths of 6.000, 0.984, and 0.680 nm, respectively (axes are shown in Supporting Information, Figure 1 ). The distance between graphene planes in this model (corresponding to cell length c) is greater than twice that of graphite (0.335 nm) to prevent interplanar interactions, thus representing an array of infinitely long but noninteracting ribbons. Geometry optimization of all the Model 2 structures is performed by using the gradientcorrected BLYP 46 density functional and double numerical basis set with polarization function for H atom (DNP), 47 as implemented in the DMol 3 computational chemistry software. 48 An extra fine numerical integration grid that contains 474 angular points is used. Brillouin zone sampling is restricted to the Γ point. Also, single point calculations for the structure with preset dihedral angle between planes representing molecular and electrode parts are performed by setting the dihedral angle to a desired value following previous geometry optimization using the BLYP/DNP method.
Model 3. The electrode is a periodically extended graphite slice cut perpendicular to the sheet plane and takes into account the interplanar interactions of infinitely long graphene ribbons with molecules bonded to the zigzag edge. The system is modeled using PBC as a triclinic periodic cell with a, b, and c cell lengths of 6.000, 0.984, and 0.680 nm, respectively. In this model, two graphene layers with offset 0.142 nm and distance 0.335 nm between planes are introduced in the unit cell and the edge of only one plane is modified with molecules. The calculations for Model 3 are performed by using the same density functionals, basis set, integration grid, and Brillouin zone sampling as described for Model 2. The single point calculations are performed to study the effect of moleculeelectrode dihedral angle, as in Model 2.
Orbital diagrams in Figures 2, 3 , 5, and 6 are plotted with an isovalue = 0.02 e/au 3 for all three models. This isovalue is typical of those used for clearly indicating electron localization and is the default for Gaussview software. 45 The orbital isosurfaces depicted in the figures represent the localization of the electron density of a particular orbital.
■ RESULTS AND DISCUSSION
Covalent bonding of aromatic molecules to carbon surfaces by reduction of diazonium reagents has been shown by scanning probe microscopy to nucleate at edge site defects of an otherwise ordered graphite surface, indicating more rapid modification of edge sites followed by slower reactions with basal sites. 49 Surface Raman spectroscopy, 50 as well as theoretical predictions 51 indicate more rapid bonding at edge sites over basal sites in either ordered graphite or graphene sheets. Although the precise geometry of attachment on the disordered PPF surface is difficult to determine, we will assume edge-bonding to graphitic planes during surface modification. Detailed theoretical treatments of graphene sheets and nanoribbons have been reported, which consider the fragment size necessary to approximate bulk properties. 52−55 For the current investigation, the HOMO and LUMO energies of graphene fragments of increasing size were determined, with the results shown in Supporting Information Figure S2 for an H-terminated zigzag fragment. The HOMO−LUMO gap decreases from > 4 eV for benzene to a minimum of 0.06 eV for a 54-ring graphene sheet (designated G54), while ordered graphite has a small overlap of the valence and conduction bands. Therefore, the G54 fragment was selected for investigation of its interactions with chemisorbed molecules in Model 1. Supporting Information Figures S2 and S3 show the effect of graphene sheet size on HOMO and LUMO energies, and the spatial distributions of the HOMO, H−1, LUMO, and L+1 orbitals of G54 for the unmodified G54 fragment.. Figure 2 shows five molecular orbitals and their energies for a Model 1 system containing an azobenzene (AB) molecule bonded to G54 at a zigzag site, with the dihedral angle (θ) between the phenyl rings of the azobenzene and the graphene plane at the optimized value of 65°. The orbitals localized on the G54 moiety are not significantly altered in appearance compared to unmodified graphene (Supporting Information, Figure S3 ), implying a minor perturbation of the G54 system due to the attachment of the AB molecule. Also shown in Figure 2 is the H-6 orbital, which is the highest energy orbital with significant localization on the AB moiety. The occupied molecular orbitals HOMO to H-5 are localized on the graphene moiety only, as shown in Supporting Information, Figure S4 . In all subsequent discussion, we refer to the highest energy occupied orbital with significant electron density on the molecule bonded to G54 as the "H-X" orbital, and the value of X can vary with molecular structure and torsional angle. Figure 3 shows the effect of dihedral angle (θ) on the HOMO and the highest energy orbital (H-X) with significant localization on the AB moiety for the G54−AB model structure.
Note that the occupied molecular orbital with significant electron density on the AB moiety that is H-6 in the optimized structure shifts down to become H-10 for dihedral angle of 90°a nd up to become H-5 and H-3 for dihedral angles 45°and 0°. This orbital localized on the AB moiety shifts to a higher energy with decreasing θ and becomes delocalized over both the AB and G54 fragments. In real junctions, the AB molecules bonded to PPF are likely to have a range of dihedral angle values, and the angles will be constrained by nearby AB moieties. Figure 3 indicates the important effect of the dihedral angle on the molecular orbital energies and spatial distributions. Figures S4− S6 in the Supporting Information show the spatial distributions and energies of the highest energy orbitals for G54−AB having dihedral angles of θ =6 5°,3 3°, and 0°, all calculated using Model 1. Figure S7 in Supporting Information presents the effect of dihedral angle on the orbital energies for G54-molecule structures of all eight molecules considered.
An important experimental observable related to the effect of chemical modification of a sp 2 graphitic surface is provided by the work function (see Figure 4) , determined with UPS of a modified electrode surface. 4 For both metallic and PPF surfaces, a molecular mono-or multilayer changes the observed binding energy of a photoelectron by up to 1 eV, as confirmed by Kelvin probe measurements. 56 The effect occurs when the bonded molecule has a dipole moment and has been described as a local vacuum level shift that affects the energy of an electron as it leaves the electrode surface. 44, 57, 58 For example, a dipole oriented away from the surface withdraws electrons from the electrode, which in turn shifts the local electrostatic potential in the molecular layer. This effect is well known for interfaces between metals and organic films 41−43 and underlies at least part of the compression effect described earlier for molecular tunnel junctions. 30 The work function is the minimum energy required to remove an electron from a solid to a point immediately outside the solid surface, which is the energy needed to move an electron from the Fermi energy level into vacuum. The work function for a single G54 sheet modified with molecules (Model 1) is calculated as the difference in energy between the neutral G54-molecule structure and its cation, and is equivalent to its ionization energy. Because nonperiodic models lack a surface or Fermi energy, the ionization energy is the best analog to a work function for Model 1. For Model 2 and Model 3, the work function is calculated using DMol 3 as the difference between the Fermi energy and the electrostatic potential in vacuum away from the surface. Effectively, DMol 3 computes the Fermi energy for an infinite array of 2D periodic slabs of graphene ribbons separated by wide vacuum spacings and the spatial distribution of the electrostatic potential. This approach yields the electrostatic potential in vacuum and allows determination of the work function. Figure 4 shows a plot of the work functions determined using UPS of six systems containing molecules bonded to PPF vs the free molecule dipole moment calculated using DFT. A shift of 0.7 eV was observed for the PPF/ molecule work function, which correlates with the dipole moment and yields a linear correlation coefficient (R 2 ) of 0.77. Table 1 lists the work functions calculated with the three different models.
The work functions (i.e., ionization energies) from Model 1 show a weak correlation with dipole moment, indicating that Model 1 as applied to G54−AB is insufficient for predicting work functions of modified PPF surfaces. Model 1 describes the junction as a molecule and does not consider removing the electron along a particular direction, i.e. from the contact through the molecular layer and into vacuum, as would be the case for UPS or tunnel junction experiments. The dipole and local electrostatic potential shift in the molecular layer are not taken into account in Model 1 but are clearly important for determining the tunneling barrier. As shown below, Model 1 for a single G54−AB structure can be useful for visualizing orbitals and predicting tunnelling barriers, but not for predicting work functions. The main advantage of Model 1, is that it can be treated using the most advanced computational methods, such as hybrid density functionals that include exact exchange.
Calculations with PBC allow the modeling of a graphene surface with molecules covalently bonded to it, analogous to G54−AB molecules stacked along the axis perpendicular to the G54 plane. The calculation is significantly more complex, and allows us to better approximate the real electrode surface. Model 2 extends Model 1 to where the G54 fragment approaches an infinitely large 2D graphene nanoribbon. Model 3 implements the interaction between graphene planes by representing a 3D electrode surface, and is closest to the real electrode. The limitation of Models 2 and 3, however, is in the computational methods implemented in DMol 3 , in particular, the unavailability of DFT methods that calculate exact exchange, which has been highlighted as being very important for accurate prediction of frontier orbitals and the resultant Fermi energy and HOMO−LUMO energy gap. 59 Figure 5 shows several orbitals calculated using Models 1, 2, and 3 for the graphene−AB system.
The results for single-and double-layer PBC models for the seven molecules studied previously are shown in Table 1 and Figure 4 , and comparison to Figure 5 leads to several observations. First, note that the work function values calculated for Models 2 and 3 correlate with the dipole moments, although the calculation predicts a steeper slope than that observed by UPS. Second, the dihedral angle θ decreases in the low energy configuration from 65°for Mode1 1 (G54−AB molecule) and 68°for Model 2 to 33°for Model 3. Third, the highest energy orbital showing significant electron density on the molecule is H-1 for Model 2, rather than H-6 for Model 1. Comparison of the HOMO and H-X orbitals for Models 1−3 of AB, EB, and BTB molecular films by both single molecule and PBC approaches ( Figure S8 in Supporting Information) shows that the molecular orbital distributions are similar in all three models. As discussed below, these orbitals are likely the most important for determining tunneling current and associated barriers.
We used the method of Kim et al. 4 in our previous report 30 to determine the onset of photoemission from a molecular layer on PPF from the UPS spectrum at low energies close to the work function. The E f − E HOMO,onset thus determined provides an experimental indication of the hole tunnelling barrier and correlates with transport and photocurrent measurements as already noted in Figure 1 . For a particular orbital to mediate hole tunneling, it should be localized between the two contacts and therefore reside at least partially in the molecular layer. 60−62 The electron in a HOMO does not change energy during tunneling, but it has a finite electron density in the electrode and can move under an applied bias. Using the same logic as the UPS measurements, we postulate that the orbital mediating hole tunneling is the highest H-X orbital (with X being an integer indicating the orbital in Models 1−3) because this orbital has electron density that partially or fully bridges the gap between the two contacts. Referring to orbital diagrams such as Figure 3 , we note that the system HOMO of the G54− AB structure is analogous to the Fermi level of modified PPF because it is the highest energy electron in the system and therefore appears at the threshold of photoemission. By this convention, we define the hole tunneling barrier as E H,S − E H-X , where "S" for "system" refers to the G54-molecule structure, and E H−X is the closest energy below E H,S which has significant localization in the molecular layer. For the complementary process of electron tunneling, the corresponding barrier would be E L+X − E H,S , where L+X is the lowest energy unoccupied orbital of the G54-molecule system that is localized in the molecular layer.
The H-X orbitals for the series of seven aromatic and one aliphatic molecules are shown in Figure 6 , and the corresponding hole tunneling barriers are listed as E H,S − E H−X in Table 2 . Note that the identity of the H-X orbital varies significantly for different molecules, and may be much lower in energy than the free molecule HOMO.
Furthermore, the identity and energy of the H-X orbital varies with dihedral angle, since smaller angles results in mixing of the graphene and molecular orbitals. For visualization of orbitals in Figures 3 and 5 , we have used the same isovalues and observed the trend showing shifts of energy and electron distribution with dihedral angle that is consistent for all three models. Note also that the hole tunneling barriers for Model 1 range from 1.01 to 2.36 eV for the optimized aromatic molecules, which is still significantly greater than the 1.3 ± 0.2 eV observed experimentally. 30 As shown in Table 3 , the use of PBC decreases this range to 1.17−2.15 eV for Model 2 and 1.03−2.08 eV for Model 3. As noted earlier, the PBC models also predict a smaller dihedral angle, and some of the compression of the orbital energies is due to stronger electronic coupling between the molecule and graphene for smaller angles. As noted in Table 2 , setting smaller angles in Model 1 yields a smaller range of barriers for aromatic molecules of 0.8−1.5 eV for a zero dihedral angle, similar to that predicted for the optimized structures of Models 2 and 3. Figure 5 shows the HOMO, LUMO, and H-X orbitals for the three models, with model 1 set to a 33°dihedral angle. Although the energies and identity of the H-X orbital vary with the model, the HOMO and LUMO lack electron density on the molecule in all cases, and the H-X orbital has significant density localization in the molecular layer. Supporting Information Figures S4 to S6 show the electron distributions for G54−AB for the HOMO to H-7 orbitals at dihedral angles of the optimized angle of 65°as well as 0°and 33°. Figure 5 shows that orbitals for selected molecules and dihedral angles have similar appearance for the three models, and Supporting Information Figure S7 provides the HOMO and H-X energies for all eight molecules considered as a function of dihedral angle.
The computational results for all three models are compared to the experimental results in Figure 7 , plotted in the same format as Figure 1 , and all using the BLYP functional. The "hole tunneling barrier" on the Y axis is E H,S − E H−X for the three models considered here, and for the free molecules it is the offset between the calculated HOMO for unmodified G54 (−4.5 eV) and the HOMO of the free molecule alone.
Although all cases shown predict a significantly higher barrier for the alkane compared with the aromatic molecules, the free molecule and Model 1 with optimum θ seriously overestimate the tunneling barriers for the aromatic molecules. As noted previously, much of this compression of tunneling barriers results from electronic coupling of the molecule to the electrode, and the effects of molecular dipoles. The compression of tunneling barriers for Models 2 and 3 amounts to a weaker dependence on orbital energy levels than that predicted from the free molecule HOMO levels and is consistent with the weak dependence of observed junction conductance on molecular structure reported for both singlemolecule and ensemble devices. 23, 30, 63, 64 An added insight from the current results is that the orbital which mediates tunnelling need not be the molecular HOMO, but rather H-X, the orbital Figure 5 . HOMO, LUMO, and H-X orbitals for Models 1, 2, and 3 of the graphene−AB system show similarity among the models. The difference between HOMO and H-X energies is the tunnelling barrier listed as E H,S − E H-X in Table 3 . Figure 6 . Electron density distributions of the highest energy occupied orbitals with significant localization on the attached molecule for seven aromatic and one aliphatic molecule calculated using Model 1 in the optimized geometry. Abbreviations are the same as in Figure 1 .
The Journal of Physical Chemistry C Article with electron density localized between the two contact surfaces. As shown in Figures 3, 5 , and 6, the energy of the H-X orbital depends not only on its identity and offset from the system HOMO but also on the dihedral angle between the aromatic molecule and the graphene surface. The most sophisticated and computationally demanding model (Model 3) predicts compression close to that observed experimentally, although the simple Model 1 also shows significant compression when the dihedral angle is forced to 0°.A s noted for the experimental tunneling results, the β's for the aromatic series of molecules were statistically indistinguishable, so correlations within the range of barriers calculated with Model 3 would be approximate at best. However, we should note that for these two cases a smaller optimized value of θ relative to the optimized structure of Model 1 leads to significantly higher electronic coupling between the molecule and graphene and as a result to the compression effect. The origin of the discrepancy between the predicted and experimental barriers for the alkanes evident in Figure 7 is not obvious but may be due to the absence of electronic coupling between the aliphatic molecules and the aromatic substrate. Given this discrepancy, the current approach should be applied to aromatic molecular layers on carbon surfaces, and aliphatic molecules may require alternative theory and validation.
The carbon/molecule/Cu or carbon/molecule/carbon devices studied experimentally consist of covalently bonded oligomers on a flat but disordered sp 2 carbon surface and undoubtedly have a range of dihedral angles between the aromatic plane of the molecule and those in the carbon substrate. Because the theory shows the expected sensitivity of energy levels to the dihedral angle, it is difficult to directly correlate theoretical predictions for particular angles to experimental results. However, it is useful to note that lower dihedral angles result in increased electronic coupling between the molecular layer and the substrate and also lower predicted tunneling barriers. It is quite possible that the molecules with low dihedral angle support significantly higher tunneling currents and that a minority of the available molecules is responsible for a majority of the tunneling current. A corollary to this statement is that control of the dihedral angle should strongly affect tunneling current and may be a fruitful objective of alternative methods to bond aromatic molecules to aromatic substrates. It also follows that sp 2 carbon differs fundamentally from metal surfaces in this respect and may identify the carbon substrate as unique among electronic conductors.
Finally, the nature of the binding site to disordered sp 2 carbon can vary, at least among the "armchair" and "zigzag" edges in addition to less ordered termination at the edges of the graphene sheets. The question arises of how bonding of an aromatic molecule to such sites affects the H,S and H-X orbital energies, and therefore the predicted tunneling barrier. Figure 8 shows three G9 fragments which are H-terminated except for one AB molecule bonded to three possible edge sites. The orbital energies of the three structures were calculated with the BLYP/6-31G(d) parameters, but note that the number of graphene rings is smaller than in the G54 cluster of Model 1. The optimized dihedral angles differ for the three structures, due to varying steric hindrance between the molecule and the G9 cluster. The E H,S − E H−X barriers predicted for the optimized structures vary by 0.10 eV, implying a small dependence of the barrier on site geometry. When the dihedral angle is fixed at 0°,33°,or90°, the E H,S − E H−X barrier for the three configurations varies by 0.02 eV for 90°up to 0.22 eV for 0°. At least for this simple model, the effect of binding site on tunneling barrier is small and should not be a controlling factor in determining electronic behavior. Given the fact that the real molecular junction has a range of dihedral angles and binding sites, orbital energy variations in both parameters are likely averaged into an effective barrier for the entire ensemble of molecules.
■ CONCLUSIONS
The correlation between theoretically calculated work functions and tunneling barriers and the experimentally observed results provides important validation of the theory for explaining and predicting real junction behavior. The observed compression of tunnel barriers in molecular junctions compared to those calculated from free molecule orbital energies was confirmed theoretically and is consistent with the experimental UPS and current density measurements. Although a variety of bonding sites and angles are possible in a system composed of a covalently bonded molecule on a disordered sp 2 hybridized carbon surface, the agreement between theory and experiment for relatively simple model structures indicates that the theory has predictive value for rational design of carbon-based molecular junctions. Model 1, consisting of a G54 cluster with a molecule bonded on a "zig-zag" edge site, allowed us to use advanced computational methods and demonstrated that DFT reveals strong effects of dihedral angle on orbital energies, mixing of orbitals originating on the G54 sheet with those of the attached molecule. Models 2 and 3 with one or two graphene layers in an infinite lattice approach the physical model of the surface and allow calculation of the electronic structure of the system with better accuracy. However, these models are more limited compared to Model 1 in the available DFT methods. When the hole tunneling barrier is defined as the energy difference between the system HOMO and the closest occupied orbital with electron density in the molecular layer, all three models predict the compression observed by UPS and transport measurements. The predictions of Model 1 are significantly closer to the experimental results as the dihedral angle between molecule and graphene approaches zero. Models 2 and 3 using PBC predict a range of tunnel barriers similar to that observed experimentally, but the accuracy of the experimental barriers prevent precise direct comparisons for individual cases. Finally, the dihedral angle between the aromatic plane of the bonded molecule and the graphitic plane of the substrate is an important determinant of orbital energies and electronic coupling, with the type of binding site showing smaller effects. For the general problem of predicting the electronic behavior of carbon-based molecular junctions, the relatively simple Model 1 is useful for visualizing orbitals and the effect of torsion, but Models 2 and 3 are necessary for predicting work functions and more accurate tunneling barriers. 
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